We have cloned the Staphylococcus aureus entB gene in Escherichia coli, using pBR322 as the vector plasmid; however, no detectable staphylococcal enterotoxin B (SEB) was produced by the E. coli clones. When the entB gene was placed downstream from the strong X phage promoter, PR9
SEB was synthesized at readily detectable levels in E. coli. Interestingly, mature SEB was almost exclusively present in the cytoplasmic fraction. The SEB precursor was found associated with the cell membrane. The entB gene was introduced back into S. aureus, and the clones were shown to produce SEB. The entB gene has been located to a 2.1-kilobase-pair region. Maxam-Gilbert sequencing of a part of the entB gene yielded a DNA sequence that corresponds to the known amino acid sequence of SEB. Southern hybridization experiments showed that the entB gene was present on identical restriction fragments in the chromosomes of SEB-producer strains. The entB gene is absent from SEB-nonproducer strains.
Staphylococcal enterotoxins are exoproteins produced by certain strains in culture media and in foods (1) . These toxins are the causative agents of staphylococcal food poisoning. Staphylococcus aureus enterotoxins have been classified into five serological groups, A, B, C, D, and E (1, 2). Staphylococcal enterotoxin B (SEB) has been purified and studied in detail by several groups (3) (4) (5) (6) (7) . SEB consists of a single polypeptide chain and has a molecular weight of 28, 500 . The complete amino acid sequence of SEB has been reported by Bergdoll's group (4) . SEB is synthesized as a precursor, processed, and transported across the membrane to give the mature extracellular toxin (8) .
A number of recent studies have attempted to identify the SEB gene (entB) (9) (10) (11) (12) (13) (14) . Several SEB-producing (SEB+) strains, such as DU4916, 592, and COL, carry a 26-kilobasepair (kb) penicillin resistance plasmid (pSN3) and a 4.4-kb tetracycline resistance plasmid (pSN1). These plasmids are not involved in SEB production (11) . Strains DU4916 and 592 carry an additional 1.3-kb plasmid, pSN2, whereas strains COL and S6 do not carry this plasmid (10) (11) (12) 15) . Studies with pSN2-negative, SEBW strains have clearly demonstrated that the entB gene is chromosomal (11, 12) . In pSN2-positive, SEB+ strains, there is contradictory evidence as to the role of this plasmid in SEB production. Previous studies in our laboratory showed that the pSN2 plasmid does not carry the entB gene and is not involved in SEB production (14) . However, experiments involving transformation and protoplast fusion techniques performed by other investigators have suggested that pSN2 provides regulatory functions essential for SEB synthesis (12, 13, 15) . Transformation, transduction, and mutation analyses have suggested that the entB gene is structurally unstable and possibly a mobile genetic element (9) (10) (11) (12) (13) .
In this communication we describe the cloning and expression of the entB gene in Escherichia coli and S. aureus.
MATERIALS AND METHODS
Bacterial Strains. The bacterial strains used in this study are described in Table 1 . The experiments were conducted under P2 + EK1 containment conditions. Enzymes and Biochemicals. T4 DNA ligase was purified according to a published procedure (22) . T4 polynucleotide kinase, bacterial alkaline phosphatase, and restriction enzymes were purchased from either Bethesda Research Laboratories or New England Biolabs. [y-32P]ATP (3000 Ci/mmol; 1 Ci = 3.7 x 1010 becquerels) was purchased from New England Nuclear.
Isolation of DNA. Plasmid DNA from E. coli and S. aureus was isolated by CsCl/ethidium bromide density gradient centrifugation of cleared lysates (23) . S. aureus chromosomal DNA was isolated as described (24, 25) .
Transformation and Restriction Enzyme Analysis. E. coli HB101 was transformed with plasmid DNA by the CaCl2 procedure (26) . S. aureus cells were transformed by the protoplast transformation technique (27) . Restriction digests were analyzed by 1% agarose and 5% acrylamide gel electrophoresis using Tris/borate/EDTA buffer (28) .
Purification and Serological Assays for SEB. SEB was purified from strain S6 as described earlier (3) and anti-SEB was prepared in rabbits (29) . Anti-SEB was adsorbed with cell lysates from E. coli HB101 and S. aureus U320 before use to remove interfering antibodies. For SEB production, S. aureus cells were grown in 6% NAK media for 18-24 hr (30) and then centrifuged, and culture supernatant was collected and used without any dilution. Cytoplasmic membranes from E. coli and S. aureus strains were prepared as described (31) . Periplasmic fractions and cell lysates from E. coli strains were prepared according to published procedures (32, 33) . Cell lysates were prepared from E. coli cells after the periplasmic fraction had been isolated by osmotic shock treatment. E. coli and S. aureus strains were screened for SEB production by immunodiffusion and immunoblot analysis.
NaDodSO4/Polyacrylamide Gel Electrophoresis and Immunoblot Analysis of SEB. E. coli and S. aureus clones carrying the entB gene were screened for the presence of SEB by NaDodSO4/polyacrylamide gel electrophoresis (34) and immunoblotting (35) . After electrophoresis, proteins were electrophoretically transferred to nitrocellulose sheets with Tris/glycine/methanol buffer (35 teins, remaining sites on the membrane were blocked by nonfat dry milk. SEB bound to nitrocellulose was immunologically detected by using anti-SEB (1:200'dilution) and goat antiserum to rabbit IgG conjugated with horseradish peroxidase (GAR-HRP) (purchased from Bio-Rad). SEB was visualized by using the horseradish peroxidase color development.reagent (35) .
Oligonucleotide 0.02% bovine serum albumin/0.02% Ficoll/0.02% polyvinylpyrrolidone), 0.5% NaDodSO4, and denatured sonicated salmon sperm DNA at 100 ,ug/ml (38) . Hybridization with the 32P-labeled 14-mer probe (1 x 106 cpm) was carried out overnight at 33°C in 6x SET/5x Denhardt's solution/ 0.1% NaDodSO4 containing tRNA at 250 ,ug/ml (38) . Filters were washed with 6X NaCl/Cit (lx NaCl/Cit is 0.15 M NaCl/0.015 M sodium citrate) containing 0.5% NaDodSO4 (four times for 15 min each at room temperature and once for 1 min at 33°C). Filters were exposed to x-ray film with an intensifying screen at -70°C for 12-24 hr.
Southern Blot Hybridization. Chromosomal DNAs (20 ,g each) and plasmid DNAs (0.2 ,ug each) were digested with appropriate restriction enzymes, fractionated on 5% acrylamide or 0.7% agarose gels, and blotted to nitrocellulose as described (39, 40) . Filters were hybridized to 32P-labeled 14-mer as described above. pSN2 DNA was labeled with 32p by nick-translation (41) . The 150-base-pair (bp) Taq I fragment (from pSK158) was 5'-end-labeled with 32P as described (36) . Hybridization with the 150-bp Taq I fragment and pSN2 was carried out at 68°C in 6x NaCl/Cit. Filters were washed and exposed to x-ray film (38) . Nucleotide Sequence Determination. 32P-labeled 150-bp Taq I fragment was sequenced by the method of Maxam and Gilbert (36) .
RESULTS
Identification of the entB Gene. To identify and clone the entB gene, we used a synthetic hybridization probe that consisted of four 14-mers having the sequence d(ATGGAAAcT ATGAA). This sequence was derived from the unique pentapeptide sequence Met-Glu-Asn-Met-Lys (excluding the third nucleotide residue of the lysine codon), which corresponds to amino acids 21 to 25 of SEB (4).
Chromosomal DNA from two SEBW strains, S6 and DU4916, was digested with HindIII and Bgl II, and the Southern blots were hybridized to 32P-labeled 14-mer (Fig. 1) . With both strains, a 6-kb HindIII fragment and a 10.3-kb Bgl II fragment showed homology with the probe. No corresponding bands were seen with a SEB-strain, RN450 (data not shown). The 6-kb HindIII fragment was used in cloning experiments since it was smaller.
Cloning of the entB Gene in E. coli. Chromosomal DNA from strain S6 was digested with HindIII, and the fragments were separated on preparative agarose gels. DNA fragments in the 5.5-to 6.5-kb range were isolated by the NaI procedure (42) . These fragments were ligated to HindIII-digested and alkaline phosphatase-treated pBR322 DNA by T4 DNA ligase. The ligation mixture was used to transform competent E. coli HB101. Ampicillin-resistant colonies were screened for the presence of the entB gene by hybridization to 32P-labeled 14-mer by colony hybridization. Several clones were identified, and further analysis of plasmid DNA showed the presence of a 6-kb insert in all cases. Restriction analysis of two plasmids, pSK155 and pSK158, showed that the 6-kb inserts in these plasmids were in opposite orientations with respect to pBR322. The restriction map of the 6-kb HindIII fragment is shown in Fig. 2A . Culture supernatants, cell lysates, and periplasmic fractions from osmotic shock (concentrated 10-to 100-fold) prepared from SK155 and SK158 were screened for the presence of SEB by immunodiffusion and immundblot analysis. However, no SEB was detected (data not shown). As shown later, the entB promoter is not properly recognized in E.
coli, since positioning of the entB gene downstream from the phage X Pg promoter resulted in SEB synthesis.
Localization of the entB Gene in pSK158. pSK158 DNA was digested with several restriction enzymes and Southern hybridization analysis was carried out using the 14-mer as probe (data not shown). The region complementary to the 14-mer within the entB gene was located between the Cla I and HincII sites at positions 1.9 and 3.1 kb, respectively ( Fig.  2A) . Experiments were undertaken to determine, by DNA sequence analysis, whether the cloned HindIII fragment contained the entB structural gene. pSK158 DNA was digested with Taq I, and fragments were separated on an acrylamide gel, transferred to nitrocellulose, and hybridized to 32P-labeled 14-mer. The probe hybridized to an approximately 150-bp fragment (data not shown). This fragment was isolated from a preparative acrylamide gel and sequenced (Fig. 2B) . Forty-five out of the 52 amino acids deduced from the DNA sequence were identical to the reported amino acid sequence of SEB (4) . These experiments confirmed that the entB gene had been cloned in E. coli.
Expression of the entB Gene in S. aureus. (containing plasmids pSK161 and pSK163, respectively), were shown to secrete SEB into the culture medium (Fig. 3) . These experiments showed that the functional entB gene had been cloned. Restriction analysis of pSK161 and pSK163 DNA showed that they carried the cloned fragment in opposite orientations with respect to pC194. The nature of SEB produced by SK161 and SK163 was analyzed by NaDodSO4/polyacrylamide gel electrophoresis and immunoblotting (Fig. 4) . SEB produced by clones SK161 and SK163 migrated with the purified SEB.
Subcloning experiments located the entB gene to a 2.3-kb region (between the Cla I and EcoRI sites at positions 1.9 and 4.2 kb, respectively). pSK155 DNA was separately digested with EcoRI, Cla I, and Xba I, and individual fragments were extracted from polyacrylamide gels. The Cla I and Xba I fragments were ligated to pE194 DNA that had been linearized with the corresponding enzyme. The EcoRI fragments were ligated to a pC194 derivative having an EcoRI site. S. aureus RN4220 was transformed with the above ligation mixtures with selection for the erythromycin resistance or chloramphenicol resistance markers. SEB+ subclones were obtained with the 3.4-kb EcoRI fragment (between positions 0.8 and 4.2 kb) and the 4.1-kb Cla I fragment (between 1 2 3 4 5 6 7 8 9 10 11 CAT GTA TCA GCA ATA AAC GTT AAA TCT ATA GAT CAA TTT CTA TAC TTT 10 ,ul of 10-to 100-fold concentrated cytoplasmic or membrane fractions were boiled in NaDodSO4 sample buffer, separated on a 15% gel, and subjected to immunoblotting. Lanes: 1, culture supernatant from SK234; 2, culture supernatant from S6; 3, culture supernatant from SK161; 4, culture supernatant from SK163; 5, culture supernatant from SK229; 6, standard purified SEB; 7, cytoplasmic fraction from SK224; 8, cytoplasmic fraction from SK232; 9, membrane preparation from S6; 10, membrane preparation from SK224; 11, membrane preparation from SK232. P indicates the position of SEB precursor.
Genetics: Ranelli et al. DNA digested with Bgl II, EcoRV, and Hae III, respectively; 5, 6, and 7, DU4916 DNA digested with BgI II, EcoRV, and Hae III, respectively; 8, 9, and 10, COL DNA digested with Bg1 II, EcoRV, and Hae III, respectively; 11, 12, and 13, SK26 DNA digested with Bg1 II, EcoRV, and Hae III, respectively. COL DNA is resistant to digestion by EcoRV (lane 9); undigested DNA is inefficiently transferred to nitrocellulose and no specific band was observed. Molecular weight standard: X DNA digested with HindIII. positions 1.9 and 6 kb and including 6 bp of pBR322 up to the Cla I site). However, clones containing the 2-kb Xba I fragment were SEB-. We conclude from these data that the 2.3-kb region between the Cla I site at position 1.9 and the EcoRI site at map position 4.2 carries the entB gene.
Expression of the entB Gene in E. coli. The 3.4-kb EcoRI fragment containing the entB gene was ligated into the EcoRI site of plasmid pKJB825 and introduced into E. coli HB101 by transformation. The pKJB825 plasmid contains the X PR promoter, the N gene, and the temperature-sensitive X repressor gene (cI857) that regulates the activity of PR. The resulting plasmid carries the entB gene downstream from the PR promoter. Restriction analysis of two clones, SK224 and SK225, showed that both contained the 3.4-kb EcoRI fragment, but the inserts were in opposite orientations. The PR promoter was induced by shifting exponentially growing cultures from 30°C to 42°C. Immunodiffusion analysis and immunoblotting showed that SK224 produced SEB while none was produced by SK225. In SK224, 95% of the mature toxin was present in the cytoplasmic fraction, while only 2-5% of the mature toxin was found in the periplasmic fraction (Figs. 3 and 4 , and data not shown). These data indicated that the entB gene was present in the proper orientation downstream from the X promoter in pSK224. Restriction analysis of pSK224 showed that the direction of the entB gene was from position 4.2 kb towards position 1.9 on the FIG. 6. Southern blot hybridized to 32P-labeled pSN2 DNA (5 x 106 cpm). DNA was digested with HindIlI, except pSN2 which was digested with Mbo I. Lanes: 1, DU4916 DNA; 2, S6 DNA; 3, S6R DNA; 4, SK26 DNA; 5, COL DNA; 6, RN450 DNA; 7, pSN2 DNA; 8, pSK158 DNA; 9, HB101 DNA. map ( Fig. 2A) . These results suggest that the entB promoter is not transcribed well by the E. coli RNA polymerase.
SEB produced by SK224 was present predominantly in the cytoplasmic fraction and had the same size as the extracellular SEB from S. aureus (Fig. 4) . To confirm that SEB is indeed synthesized as a precursor as reported earlier (8), plasmid pSK224 was used to transform E. coli MM52 (secA's), which accumulates protein precursors at 42°C (20) . The resulting clone, SK232, was analyzed for the presence of the toxin by immunoblot analysis. As shown in Fig. 4 , membrane preparations from SK232 as well as SK224 and S. aureus S6 contained the SEB precursor. In addition, the cytoplasmic fraction from SK232 contained SEB that migrated with the mature toxin.
Localization of the entB Gene in S. aureus Strains. Blot hybridization analysis was performed to localize the entB gene in a few SEBW strains. 32P-labeled, 150-bp Taq I fragment (Fig. 2B ) was used as the probe. All SEBW strains carried a 6-kb HindIII fragment and a 5.5-kb Cla I fragment that had homology with the probe (Fig. SA) . The entB gene was absent from SEB-strains RN450 and S6R, which is a spontaneous SEB-variant of strain S6. Blot hybridization patterns obtained with Bgl II, EcoRV, and Hae III chromosomal digests of all SEBW strains showed fragments 10, 14, and 8 kb long, respectively, that were homologous to the 150-bp Taq I probe (Fig. SB) . These data suggest that the entB gene is located at the same chromosomal site in a few SEB+ strains.
Does the pSN2 Plasmid Play a Role in SEB Synthesis? Many published reports have suggested that the pSN2 plasmid provides regulatory functions in SEB synthesis (12, 13, 15) . Southern hybridization experiments were carried out to examine if sequences homologous to pSN2 are present in pSK158 (original entB clone) and several SEBW and SEB-S. aureus strains. Only strain DU4916, which contains pSN2, showed homology with 32P-labeled pSN2 (Fig. 6) . Sequences homologous to pSN2 were absent in pSK158 and in the genomic DNA of SEB+ and SEB-strains. We conclude from these experiments that pSN2 does not play any role in SEB production.
DISCUSSION
To understand the complex genetics underlying SEB production, we have cloned the chromosomal entB gene from strain S6 in E. coli. The entB promoter is not efficiently transcribed by the E. coli RNA polymerase. The entB gene is expressed when placed downstream from the X PR promoter. This is in contrast to a number of S. aureus genes, including those for protein A, a-hemolysin, enterotoxin A, the toxic shock syndrome antigen, and staphylokinase, which are presumably transcribed from their respective promoters in E. coli (16, 25, (43) (44) (45) .
We have introduced the cloned entB gene back into S. aureus by using pC194 and pE194 as vector plasmids. Recombinant plasmids containing the entB gene in both orientations directed the synthesis of SEB, suggesting that the gene is being transcribed from its own promoter. It is interesting that the total amount of SEB produced by SK161, SK163, and SK229 (S6 containing the plasmid pSK161) was roughly equal to the amount made by strain S6 (Fig. 4) .
Densitometric analysis of protein gels stained with Coomassie blue also showed that the amounts of SEB produced by the above strains were roughly the same (data not shown).
Strain S6 probably possesses a single copy of the entB gene.
The copy numbers of pSK161 and pSK163 are approximately 40 per chromosome. These data show the presence of a control system (either within the cloned fragment or in the chromosome) that regulates SEB synthesis.
SEB synthesized in S. aureus is excreted into the culture medium. Many secretory proteins are known to be synthesized as precursors having signal peptides at their NH2-termini that are removed during secretion by proteolytic cleavage (46) . We have shown that the SEB precursor is present as a membrane component of SEB+ S. aureus and E. coli strains (Fig. 4) . As demonstrated by immunoblot analysis, mature SEB synthesized by E. coli SK224 and SK232 was present in the cytoplasmic fraction. These experiments suggest that the signal sequence for SEB is not recognized by the E. coli secretory system. This is in contrast to other S. agreus extracellular proteins, such as protein A, enterotoxin A, staphylokinase, and the toxic shock syndrome antigen, which are secreted into the periplasmic space in E. coli (16, 25, 43, 45) . It is difficult to explain why the cytoplasmic SEB that is present in E. coli HB101 and MM52 (secA's) is similar in size to extracellular SEB. It is possible that the SEB precursor is subjected to posttranslational processing by a cytoplasmic or membrane-associated protease in E. coli.
A number of studies have indicated the possibility that the entB gene is part of a mobile element (9-13). Blot hybridization experiments described in this report show that the entB gene is located on similar restriction fragments in the chromosomes of a few SEB+ strains. Five different restriction enzymes were used, and in all cases DNA fragments with similar mobilities showed homology with the entB gene. These fragments ranged in size from 5.5 to 14 kb and are too large to represent internal fragments from commonly occurring transposable elements. Our data suggest that the entB gene is located at the same chromosomal site in a few SEB+ strains. However, it is possible that the entB gene is carried by a very large transposable element, a phage or a sitespecific transposon.
